In pursuing our work on the organization of human visual cortex, we wanted to specify more accurately the position of the visual motion area (area V5) in relation to the sulcal and gyral pattern of the cerebral cortex. We also wanted to determine the intersubject variation of area V5 in terms of position and extent of blood flow change in it, in response to the same task. We therefore used positron emission tomography (PET) to determine the foci of relative cerebral blood flow increases produced when subjects viewed a moving checkerboard pattern, compared to viewing the same pattern when it was stationary. We coregistered the PET images from each subject with images of the same brain obtained by magnetic resonance imaging, thus relating the position of V5 in all 24 hemispheres examined to the individual gyral configuration of the same brains. This approach also enabled us to examine the extent to which results obtained by pooling the PET data from a small group of individuals (e.g., six), chosen at random, would be representative of a much larger sample in determining the mean location of V5 after transformation into Talairach coordinates.
In a previous study, we identified the positions of areas V4 and V5 of human visual cortex, using the technique of positron emission tomography (PET) and relatively simple visual stimuli that emphasized color or motion, respectively (Zeki et al., 1991) . In extending our work on area V5, we used new and different motion paradigms in other groups of subjects, only to notice a certain degree of variability in the position of that area outside the V1/V2 complex on the occipitotemporal border that was activated and that we presumed to be area V5. It is conceivable that the new motion paradigms we used, being slightly different from the one we had used originally to identify the position of area V5, might have activated other areas contiguous to V5, and not V5 itself since, in the monkey at least, V5 is known to be surrounded by satellite areas whose cells are also responsive to visual motion though in a more complex way (Zeki, 1980; Desimone and Ungerleider, 1986; Tanaka et al., 1986; Wurtz et al., 1990) . On the other hand, it was equally plausible that the position of area V5 itself may not be constant from one individual to the next This seemed likely, especially in view of the fact that the calcarine sulcus, which constitutes one of the most distinctive landmarks of the human brain, is also markedly variable in position (see Talairach et al., 1967, p 211; Belliveau et al., 1991) . Such variabilities raise important questions, especially when imaging studies concentrate on single subjects, as in conditions of disease. We therefore undertook the present studies with two main aims in mind. One was related to the intersubject variability in the position of area V5 and the level of blood flow changes in it in response to the same task. With sufficient numbers of subjects, such a study also affords a comparison of results between subgroups, or between individuals and a group. The latter is not trivial since there are many disease conditions in which the number of subjects available is necessarily limited. Thus, implicit in our approach was our second aim, which was to determine the extent to which conclusions reached by studying single subjects would be representative of those obtained by studying groups.
The above aims naturally made it important to obtain a more accurate picture of the position and relative blood flow increase of area V5 in each individual, by repeating our previous paradigm on a larger num-ber of subjects and with an improved PET camera, of increased sensitivity. However, even improved PET scans would have been insufficient to solve one of our major problems, and indeed a major problem of cerebral cartographic studies, which is to relate the position of a functionally defined cortical area, in our case area V5, to the sulcal and gyral anatomy of the brain, since PET images are low in spatial resolution and do not highlight such cerebral landmarks. We thus set out to coregister our PET images with images of the same brain obtained with magnetic resonance imaging (MRI),the latter technique being of far greater value in revealing the details of cortical anatomy. Coregistration methods (Pelizzari et al., 1989; Evans et al., 1991) have been described and used to reveal the position of regions that are usually otherwise well defined, such as primary sensory or motor cortex (Grafton et al., 1992) . We wanted to go beyond and ask whether a functionally defined conical area lying well outside the primary visual cortex (VI) , in what used to be known as visual "association" cortex, would also have a consistent relationship to the anatomy of the cortex, just as area VI has a definite relationship to the calcarine sulcus. Coregistering our PET images, obtained from repeated PET measurements within individual subjects, with very high-resolution MR images obtained from the same subjects allowed us not only to examine the variation in sulcal and gyral anatomy in the area of interest, but also to relate this variability to the position of area V5 as defined by PET results.
Materials and Methods
We studied 14 normal volunteers and collected technically satisfactory data from 12 subjects and therefore 24 hemispheres. The results from these 12 are reported here. Of the 12, nine were male and three female; their ages ranged from 21 to 70 years (mean, 43 ± 17 years). Two wrote with the left hand. The degree of hand preference was scored with a short questionnaire based on the Edinburgh MRC handedness scale (Oldfield, 1971; Schachter et al., 1987) The scale ranges from -100, indicating complete left dominance, to +100, for complete right dominance. The two lefthanders scored -65 and 0, one righthander scored 55, while the remaining nine scored 80 or above.
All subjects gave informed written consent. The studies were approved by the Hammersmith Hospital Medical Ethics Committee, and permission to administer radioactivity was obtained from the Administration of Radioactive Substances Advisory Committee of the Department of Health, UK.
Experimental Design
All subjects underwent 12 sequential scans over the course of a single 3 hr session, each scan providing measurements of relative regional cerebral blood flow (rCBF). Changes in rCBF were used as an index of the local synaptic activity elicited by the presentation of specific visual stimuli (Raichle, 1987) . The rCBF was compared in two states of stimulation, using the following stimuli.
Stimulus A Subjects' eyes were open, with the subject viewing a high-resolution Amiga monitor (Commodore Business Machines Inc., West Chester, PA), at a distance of 37 cm. The screen was rectangular and at this distance the display covered the central 30° of the visual field vertically and 40° horizontally. The display consisted of a stationary, random, array of approximately 600 small black squares each subtending 1°, displayed on a white background.
Stimulus B
Subjects' eyes were open, with the same display moving coherently in one of eight directions that changed randomly every 5 sec in 45° steps from 0° to 315°. The small squares moved en bloc at a speed of 6.2 squares/ sec in the horizontal and vertical directions, and 5.8 squares/sec in the diagonal directions. The choice of the moving stimulus was derived from our experience with the physiology of area V5 in the macaque monkey, which is characterized by a heavy concentration of direction-selective cells, most of which respond optimally to small spots or squares moving in the appropriate direction (Zeki, 1974) . In particular, we arranged that the stimulus motion should be in different directions so as to stimulate as many of the directionally selective cells in V5 as possible. All moving stimuli were translated by one pixel per frame (at a 50 Hz screen refresh rate), which was the smoothest motion that could be generated with our raster-based display unit.
When the display was stationary subjects were asked to fixate a nominated small square at the center of the screen. For the moving display, the subjects fixated a small stationary square at the center. The two stimuli were alternated from scan to scan and, to avoid any possible order effects, the series commenced with one stimulus in half the subjects and with the other stimulus in the other half. Both stimuli were identical in terms of brightness and contrast; the latter was well above 90% and as such would have been expected to stimulate both the magno-and parvocellular systems (Kaplan and Shapley, 1982; Tootell et al., 1988) .
Data Acquisition rCBF was measured by recording the distribution of cerebral radioactivity following the intravenous injection of the freely diffusible positron-emitting "Olabeled tracer H 2 "O. Any increase in rCBF entails an increase in the amount of radioactivity recorded from that region (Mazziotta et al., 1985; Fox and Mintun, 1989) .
The measurement of local radioactivity was carried out by scanning the brain with a CTI 953B PET scanner (CTI Inc., Knoxville, TN). The inter-detector collimating septa, which are used conventionally to limit the detection of scattered radiation, were removed to increase the acceptance angle and hence the number of photons recorded. The inevitable increase in noise due to scattered photons is more than adequately compensated for by the more efficient use of the administered radioactivity (Townsend et al., 1991) • Spe-cifically, the point source sensitivity is six to seven times higher than with a standard machine like the CTI 931 scanner recording with the septa in place (Bailey et al., 1991a) . In practice, there is a threefold increase in useful counts over the whole brain and a 6vefold increase at the center of the field of view (Bailey et al., 1991b ). An advantage of this is that less radiation need be administered per scan and therefore more scans can be performed in each subject. The averaging of more scans with each stimulus results in improved signal to noise, producing data of a quality sufficient for the identification of activated regions in the brains of individual subjects, and is clearly an improvement of substance in the study of individual patients. To date, the sensitivity of conventional PET scanning has been such that meaningful data could not usually be obtained from single subjects, especially if the changes in rCBF were not large, and this necessitated the averaging of activations from groups of subjects. Here we show that with our more sensitive technique, we can obtain reliable data from single subjects.
The scanner collects data from 16 rings of crystal detectors covering an axial field of view of 10.65 cm. The emission data were corrected for the attenuating effects of the tissues of the head by using measurements made from a transmission scan collected prior to the activations. The corrected emission data were then reconstructed as 31 axial planes by filtered back projection with a Hanning filter of cutoff frequency 0.5 cycles/pixel. The resolution of the resulting images was 8.5 x 8.5 x 4.3 mm at full-width half-maximum (FWHM) (Spinks et al., 1992) . Each plane was displayed in a 128 x 128 pixel format, with a pixel size of 2.0 x 2.0 mm. The 31 original planes were transformed by interpolation to 43 planes, to produce images with approximately cubic voxels.
Each rCBF measurement began with a background scan lasting 1 min. Ten seconds prior to the end of this scan, the subjects opened their eyes and started to view the computer display. A second 3 min scan started immediately after the background scan, and at its beginning an H 2
15
O infusion was started. The infusion was at 10 ml/min and continued for 2 min, and was followed by a 30 sec flush of nonradioactive normal saline. This procedure differs from our previous technique of generating circulating H 2 H O in which subjects inhaled C"O 2 (Zeki et al., 1991) . The process was repeated 12 times in each subject with 12 min between scans to allow for the decay of radioactivity to background levels. The integrated counts accumulated over the 3 min of the second scan, corrected for background activity (first scan), were used as an index of rCBF. On average, each subject received 1014 MBq of H 2 "O for each of the 12 scans.
Image Transformations
All calculations and image manipulations were carried out on Sun 3/60 and SPARC computers (Sun Computers Europe Inc., Surrey, UK), using ANALYZE version 5 image display software (BRU, Mayo Foundation, Rochester, MN) and PROMATLAB (MathWorks Inc., Natick, MA). Statistical maps of significant blood flow change were then derived using SPM software (MRC Cyclotron Unit, London, UK). The PET scans were analyzed in three ways: as a group in transformed (Talairach) coordinates, as individuals in the same space, and as individuals untransformed, in their own anatomical space defined by MR imaging. Figure 1 sets out the steps in image manipulation and analysis, in diagrammatic form.
Anatomical Standardization
In all three analyses the first step was to correct for head movement between scans by aligning them all with the first one, using Automated Image Registration (AIR) software specifically developed for the purpose . To analyze the results obtained from groups of subjects the 12 realigned images from each subject were averaged and the intercommissural (AC-PC) line, linking the anterior to the posterior commissure, identified. All the images from all subjects were then transformed into the standard anatomical space of the stereotaxic atlas of Talairach and Tournoux (1988) , which uses this line as its reference point. This transformation was done by using linear proportions and nonlinear resampling algorithms (Friston et al., 1991a) using some additional information derived from MRI scans. In this stereotaxic space each pixel measures 2x2 mm, with an interplane distance of 4 mm. With individual brains an identical procedure was employed for image realignment and stereotaxic normalization prior to statistical manipulation on a subject-by-subject basis, rather than as a group. This was undertaken so that the position of activated regions could be reported in Talairach coordinates for comparison between subjects and with previous and future results. For the purposes of PET to MR image coregistration in individuals, no anatomical transformation was undertaken
Smoothing of PET Images
The PET images (group and individual) were all filtered with a low-pass Gaussian filter (FWHM of 5 x 5x3 pixels, 10 x 10 x 12 mm) to smooth the data in three dimensions (Friston et al., 1990) . This served to increase the signal-to-noise ratio by attenuating the high-frequency noise in the images, and by augmenting the effects of image averaging across subjects, when performed.
The filter that we used for individual and group analysis was considerably smaller than the filter we had used with the poorer-resolution and lower-sensitivity PET camera in previous group studies (Zeki et al., 1991) . The better resolution and sensitivity of the PET camera used in this study improved signalto-noise characteristics sufficiently to permit the use of a smaller filter with equal effect. 
For Groups
When activation leads to a change in rCBF, the change may be confounded by differences in global flow between subjects, or within each subject between scans. We corrected for this confounding effect by performing a pixel-based analysis of the covariance (AN-COVA) of rCBF against relative global CBF, the latter being treated as the confounding covariate (Friston et al., 1990) . The ANCOVA is used to calculate, for each pixel, the mean values of rCBF across subjects (with the global CBF adjusted to 50 ml/dl/min), together with the associated error variance. This is performed separately for each of the sequence of 12 scans by pooling the data for each comparable scan across all subjects.
To compare the activity elicited in the brain by the static and moving stimuli, the difference between the six mean values of rCBF obtained for each of the two visual conditions was evaluated, again for each pixel, by use of the / statistic, transformed to the normal distribution. This generated a statistical parametric map (SPM{f}) of the areas of significant rCBF change associated with the difference in the tasks. On such an SPM-U}, only pixels whose significance values exceeded a certain threshold were displayed The level of the threshold is set to correct for the effective number of independent tests constituting the SPM, which is less than the actual number of pixels because neighboring pixels are not truly independent (the theory and practical aspects of setting the statistical thresholds are to be found in Friston et al., 1991b ). Pixels exceeding threshold were then displayed on coronal, sagittal, and transverse views of the brain as projection maps. The stereotaxic coordinates of the most significant sites of change were determined and correlations with anatomical areas made by reference to the standard atlas (Talairach and Tournoux, 1988) .
The pixels with maximally significant stimulus-related activation were used to estimate the relative size of the changes in rCBF. These values represent adjusted, average rCBF from spherical regions of approximately 10 mm in diameter centered on the chosen coordinates.
For Individuals
A procedure similar to the one described above was used for analyzing the pattern of rCBF change in individual subjects. The SPM{f} was noisier than for the group analysis (six scans from the same individual were averaged and compared with six others, as opposed to 72 scans from 12 subjects compared against 72). Hence, a secondary Gaussian smoothing filter of 4 mm FWHM was applied to the SPM{f} in the x-and y-dimensions. The effect of this filter was a small change in the in-plane resolution, on average from 9 9 mm FWHM to 10.7 mm.
The average location of significant areas of change obtained from the group analysis of the 12 subjects was used to direct the search for the location of area V5, that is, for a bilateral prestriate area in the an-terolateral parts of the occipital lobe in which cortical activation by visual motion might be expected in each individual. We were interested in this part of the occipital lobe because (1) our previous work had suggested that the zone of maximal rCBF change with a motion stimulus would occur here (Zeki et al., 1991) ; (2) the evidence from a study of the patterns of callosal connectivity and myelination in the human brain, and its relation to the same pattern in the monkey brain, suggested this region as the most plausible site (Clarke and Miklossy, 1990); and (3) this is the general region implicated in cerebral akinetopsia (Zihl et al., 1983 (Zihl et al., , 1991 , even if the lesion in that patient was relatively large.
In more precise terms, we first identified the position of area V5 in the group of 12 brains, by determining the region of maximal rCBF change in this part of the occipital lobe. With V5 so defined, we next defined the distance of the search radius, that is, the regions from the center of V5 that we were prepared to consider as belonging to V5 in any given individual, which we set at 15 mm, that is, 1.5 times the FWHM of the primary smoothing filter. This search distance is arbitrary: we felt that it should be larger than the primary smoothing filter, as a narrow search based on the location of V5 determined by image averaging across all subjects would by definition exclude an individual site of V5 that was far enough away from the mean to contribute little or nothing to that mean position. On the other hand, too large a distance would lead to the inclusion of areas such as the V1/V2 complex that we would not consider as candidates for the location of V5 in individuals. Finally, we accepted an activation as significant and as belonging to V5 if it occurred on at least three contiguous axial planes.
Thus, by limiting the number of pixels interrogated, we could afford to use less stringent statistical thresholding. Thresholding of the SPM{ t) was carried out with decreasing degrees of harshness, in arbitrary steps determined by the SPM software, starting with p < 0.05, corrected for multiple nonindependent comparisons (a Z score of about 3.8). The threshold was then lowered top < 0.001, without a correction for multiple comparisons (a Z score of 3.09), if no significant activation could be found, and finally to a threshold of p < 0.01 (a Z score of 2.33) until an activation could be found in the searched region. The location of the pixel with the most significant Z score was taken to be V5. Because the primary filtering was carried out in all three dimensions, the coordinates of this point lay close to the center of the area of significant change within the appropriate plane, and this plane was at or near the center of the contiguous planes when considered in the z-dimension In other words, this point lay at or very close to the center of mass of each V5.
PET-MRI Coregistration
For the coregistration of SPM and MR images obtained from individual brains, the steps of image realignment to the intercommissural line and anatomical standardization were omitted. However, the subsequent filtering, followed by ANCOVA and the generation of a thresholded SPM{r}, were identical. For each individual, the SPMU} was then coregistered with the subject's own MRI scan. Such superimposition allowed us to determine the position of the region of maximal rCBF change in relation to the gyral and sulcal pattern of that brain, with the hope of learning whether there is any consistent relationship between the two.
The MRI scans were obtained with a 1 tesla Picker HPQ Vista system using a radiofrequency (RF) spoiled volume acquisition that is relatively spin-lattice relaxation time (Tl) weighted to give good gray/white contrast and anatomical resolution [repeat time (TR) 24 msec; echo time (TE) 6 msec; nonselective excitation with a flip angle of 35°; field of view in plane 25 x 25 cm; 192 x 256 in plane matrix with 128 secondary phase-encoding steps oversampled to 256; resolution 1.3 x 1.3 x 1.5 mm; total imaging time 20 min]. After reconstruction, the MR images were also aligned parallel with the intercommissural line, and interpolated to yield a cubic voxel size of 0.977 x 0.977 x 0.977 mm, which permitted coregistration with the PET images.
A PET image with the best possible anatomical detail was constructed by averaging the 12 realigned PET scans from each individual. A rigid body coregistration with the MRI scan was carried out using the AIR software originally developed for PET to PET realignment with adaptations for this purpose . In separate validation studies, the mean error in the alignment of the two images was approximately 1 mm, with a maximum error of 2 mm (R. P. Woods, unpublished observations). The reorientation parameters in terms of translations in x, y, and z and rotations about these axes were calculated. These parameters were saved and used subsequently to coregister the statistical parametric maps of significant rCBF change (which contain little anatomical information) with the subject's cerebral anatomy as described by the MRI scan.
Results
We describe under separate headings the results obtained from the entire group of 12 subjects analyzed as a single group, from selected subgroups of six subjects and from individual subjects analyzed as individuals. Implicit in this subdivision is one of the main aims of this work, namely, the extent to which results obtained from small groups or single individuals, in terms of location of a functional area and the extent of blood flow change in it, are valid for a larger population of brains.
Group Results

V5: The Motion Areas
Our first step was to confirm that there is an area situated on each lateral occipital surface associated with the perception of visual motion. We have indeed been able to do this: Figure 2 and Table 1 The points recorded are those with the highest / scores within each area. The two points given for V1/V2 share the same /score of 11.03, the highest significance value that could be accommodated by the SPM program. The coordinates for V5 may be compared with the group data from the previously reported three sub|ects, that, when reanalyzed in the same fashion as the present experiment, gave locations for V5 of -46,-62.+8 on the left and +42,-66,-4 on the right (Zeki et al, in our subjects by looking at the dynamic rather than static visual display. As before, we conclude that this represents the motion area V5 in man. The average increase in rCBF in a 10 mm diameter spherical region of interest centered on the pixels of most highly significant change was 4.7%. The anatomical coordinates of the points of maximally significant change are comparable to those obtained from an earlier group of three subjects studied on a different PET scanner (Zeki et al., 1991) . The present results are more accurate because we have since been able to identify the position of the AC-PC line more accurately using the coregistration of PET and MR images. This has resulted in an anatomically more reliable transformation into stereotaxic space. In fact, when we used the improved stereotaxic transformation obtained from the present results to reanalyze the stereotaxic position of area V5 obtained from our earlier group of three, the position of V5 in the two studies is quite similar (see Table 1 ). The average blood flow change was less in the study of the present group compared to the earlier and smaller group of three (4.7% vs 6 1%).
As previously, our results expressed in Talairach and Tournoux coordinates show that human area V5 has a ventrolateral location, at the confluence of the occipital and temporal lobes, and at the junction of Brodmann's areas 19 and 37 inferiorly.
Other Areas
In addition to the activation in VI and V2 (see Table  1 ; the difficulty of separating the two areas is discussed in Zeki et al., 1991) , the improved resolution and statistical power of the present experiments revealed separate areas of activation, not seen in our previous study (see Figs. 2, 4) . One zone of activation lies in the cuneus and extends laterally onto the surface of the brain superiorly. It may correspond to parts of areas V3 and V3A identified in the monkey by a combination of anatomical and physiological criteria (Cragg, 1969; Zeki, 1969 Zeki, , 1978 . This is a topic that we shall address in a subsequent report.
Subgroup Analysis
Our experiment with 12 subjects provided seventytwo measurements in each of the two states, and thus represents a comparatively large sample size. Most studies use smaller groups. This made it interesting to ask how representative results obtained from smaller groups would be. One way of approaching the issue was to take different samples of six subjects from the whole group and contrast the location and extent of rCBF changes of human area V5 in them.
There are 924 possible combinations of 6 from 12. It was not practicable to test all of these with our current software. Various subgroups of six were therefore chosen in such a way as to maximize the potential variability in position and blood flow change of V5, to obtain information about limiting cases. For example, a subgroup of six individuals was chosen in which left V5 was more anteriorly placed; hence, the complementary subgroup of the remaining six subjects had more posterior locations for left V5. Other subgroups of six were chosen with the aim of maximizing or minimizing the rCBF increases for V5. The results are given in Table 2 , which shows that between two groups of six subjects, drawn from a population of 12, the position of the most significant pixel of V5 in stereotaxic coordinates may vary, in the limiting case, by as much as 13 mm. Group blood flow in- Table 2 Subgroup analysis' venation in the location of the most significant pixel of V5 and the rCBf increases at this pom for selected samples of six sub|ects creases recorded in response to a moving stimulus might range from 3.4% to 6.3%.
Individual Results
We wanted to extend our studies to single subjects, since information obtained from a single subject may be crucial, especially in cases of disease where the number of subjects maybe very limited. For example, to date only one good example of cerebral akinetopsia has been described (Zihl et al., 1983 (Zihl et al., , 1991 .
Position of Area V5
In the left hemisphere, the position of the most significant pixel corresponding to V5 in Talairach space varied more than on the right (Fig. 3, Table 3 ). The range was 27 mm on the left and 18 mm on the right. We could discern no relationship between the individual locations and age, sex, or handedness score.
Blood Flow Changes in V5
There was an average rCBF increase of 39 ml/dl/min in the left V5 areas associated with the perception of visual motion (range, 1.4-5.4 ml/dl/min). In the right hemisphere, the mean increase was 3-7 ml/dl/min (range, 2.3-5.7 ml/dl/min). In relative terms, the mean increases were 7.1% on the left (range, 2.6-9.6%) and 7.2% on the right (range, 4.2-11.5%). No relationship was found between blood flow changes and age, sex, or handedness. The higher individual blood flow increases were associated with greater statistical significance.
Seventeen of the 24 V5 areas were significant at the harshest threshold of p < 0.05 (corrected for multiple comparisons), with Zscores from 3.86 to as high as 8.52. Six areas were significant in the next lower range, with Z scores of 3.09-3-66. In only one case was the threshold lowered further in order to discern area V5 (a threshold of 0.001 < p < 0.01, with a Z score of 2.46). As the area of search for V5 was constrained by a knowledge of its location in the averaged group results, even this result may be considered significant. The fact that 17 V5 areas were identified at the threshold of p < 0.05 (corrected for multiple comparisons) means that they could have been re ported in their own right, with no prior knowledge
Tabla 3
Locaums for the most significant pud of V5 in the 12 individual subjects, with then associated rC8F increases The rCBF measurements are expressed in ml/dl/min, adjusted to a mean whole bram btood flow of 50 ml/dl/min for each subject of their likely positions anywhere in the brain (Friston et al., 1991b) .
Area V1/V2
Our confidence in all the above results was reinforced by the control built in to the experiment, namely, the activation of areas VI and V2, from which V5 receives its input. We have discussed elsewhere the difficulties of separating VI and V2 in these PET images (Zeki et al., 1991) , but we nevertheless expected that in every subject, and in groups of subjects, the activity in V1/V2 must lie along the calcarine sulcus, one of the most conspicuous landmarks in the cerebral cortex and whose position is easily determined from the MR images. The position of the calcarine sulcus is highly variable in individuals, even after normalization to the stereotaxic framework of Talaraich and Tournoux (Talairach et al., 1967, p 211; Belliveau et al., 1991) . Significant activation was detected in all individual subjects at atlas coordinates consistent with the location of the calcarine sulcus, or along the lingual gyrus beneath it. Coordinate locations alone were not then sufficient to determine the precise anatomical location of this functional activation, but the individual PET/MR coregistrations were able to show that this activation center was truly centered along the course of the calcarine sulcus in all subjects, and thus was felt to represent area V1/V2.
We were also interested to note that, in addition to the rCBF changes in V5 and the cuneus, there were also changes in the parietal lobe, corresponding to Brodmann's area 7 (Fig 4) . This was found in all four subjects for whom the head positioning in the PET camera was such that we were able to scan as high as the vertex.
Coregistration of Individual PET Results urttb MRI
The coregistration of PET SPM{/} images with the MRI scans obtained from the same brain allowed us to examine the anatomical location of the activated areas in relation to the sulcal and gyral pattern of the occipital lobe more precisely than had been previously possible. Figure 6 shows surface renderings of both hemispheres from four subjects. The zones of activation were not exclusively superficial, but have been projected onto the surface of each hemisphere in order to illustrate their relation to the overall cortical topography. Figure 5 shows a series of slices through the brain shown in the top row of Figure 6 . The bilateral sites of activation corresponding to V5 can be traced through at least five or six slices. Their precise size depends on the level of filtering and statistical thresholding, but each is comparable in extent to the width of a gyrus. The focal points of activation are recessed from the cortical surface. In the right hemisphere, at least, the focus occupies the posterior bank of a relatively deep fissure that, by reference to Figure 6 , is seen to be a vertically oriented sulcus, one that might be identified as the posterior continuation of the inferior temporal sulcus. The same may be true for the focus in the left hemisphere, though the judgment is rather more equivocal. As elsewhere in the human cerebrum, the disposition of sulci in the occipital lobe is highly variable and there is a corresponding imprecision in the terminology. We thus postpone to the Discussion the question of a consistency in the relationship of a functionally defined cortical area, V5, which we were able to identify in all 24 hemispheres, to a gyral configuration that is rather less predictable.
Discussion
The group results from 12 subjects revealed areas of the human visual cortex that were differentially and commonly activated by the visual motion stimulus that was used. These included the area that we had previously identified as the human equivalent to monkey V5, V1/V2, and other sites not reported before in terms of a specific motion stimulus, nor yet characterized in terms of homology with monkey occipital and parietal cortex. Second, we were able to find these same regions of significant rCBF change in individ uals-particularly in area V5, located bilaterally in the anterolateral part of the occipital lobe. Third, this allowed us to gauge the variability between individuals undertaking the same task, both in the position of area V5 and in the magnitude of its rCBF change. Finally, we used high-resolution MRI scans to determine how far the variable location of V5 could be ascribed to individual variation in patterns of gyral anatomy, as distinct from inconsistencies in stereotaxic normalization.
72«? Identification of Area V5
The results reported here, based on a study of 12 subjects and using an improved PET camera with a higher sensitivity, confirm the results we obtained from our previous study (Zeki et al., 1991) of three subjects scanned in an older PET camera (CTI-Siemens 931) ( Table 1 ). The present results allowed us, ' -is on transverse planes parallel with the AC-PC plane obtained by averaging the 12 blood flow scans, after stereotaxic normalization, fi, The SPMfr} images tor this subject. The images share a constant colorscs/efor the /values in each pixel, indicated on the right. C, The orthogonal projections of the SPM{r} at a threshold of p < 0.001, uncorrected for multiple comparisons. V5 can be identified on both sides, as can areas of increased blood flow in the V1/V2 complex and both cuneate areas, extending superiorly. Also seen are areas of inaeased blood flow in the superior parietal lobes, from the border of the occipital lobe forwards, corresponding to Brodmann's area 7.
however, to obtain a clearer picture of the variability in the position of area V5. Moreover, the use of the new camera made it possible to coregister the PET images with the MR images and thus relate the position of area V5 to the sulcal and gyral anatomy of the occipital lobe.
Our previous study, perhaps because of the lower sensitivity of the camera, revealed only one candidate prestriate area that was consistently present when motion was the critical stimulus. In addition to the result itself, there was more than one line of reasoning that suggested that the active area in our previous study must be V5. Its location was closely similar to that indicated by Clarke and Miklossy (1990) from their anatomical studies. They used two criteria: one related the position of the prestriate areas to the pattern of callosal distribution within that zone of cortex, since cortical areas have a definite relationship to strips of callosally connected cortex (Zeki, 19 7 7a,b), and the other related to the pattern of myelination within the prestriate cortex. These anatomical studies showed that V5 must be located fairly ventrally on the lateral surface of the occipital lobe. It was this very territory that was compromised in the akinetopsic patient described by Zihl et al. (1983 Zihl et al. ( , 1991 , although the lesions went beyond the confines of the area that we now define as V5. It thus seems more than plausible to suppose that the area we describe here and else- Figure 5 . Data from a single subject in which the MR images and SPM:/:-images have been reregistered and superimposed. Axial slices at 4 mm intervals are depicted, parallel with the AC-PC plane, which is indicated by ACPC underneath the relevant slice. The SPM {(( images share a common color scale for their pixels' I values, indicated on the right. At the AC-PC level there is activation along the calcarine sulcus. reflecting activity in the V1/V2 complex. V5 is present on each side and is indicated by arrows: in particular, the relationship with underlying suici is seen. On both sides there is also significant activation inferiorly in the lingual gyri and superiorly, arising from the cuneus and continuing upward.
where is human V5. As far as we can tell from the abstract published by Miezin et al. (1987) , an area overlapping with the one reported here but extending to the parietal cortex was among the areas identified using a visual motion stimulus.
The Variability in the Position of Area V5 in Individuals
Using the same general strategy of image realignment to the intercommissural plane, followed by stereotaxic normalization, we found that the previously reported study on V5 in three subjects, analyzed in the same way as the present 12 subjects (using the same stereotaxic transformation), would place V5 on the left more anterosuperior to the location here determined, by some 12 mm (Table 1) . On the right the difference is only some 5 mm. Our supposition was that such differences might be due to the variation in the precise position of V5 in different individuals, rather than to any systematic difference introduced by the new PET machine. Closer analysis of the results confirms this.
The location of V5 in Talairach coordinates was determined for both hemispheres in each individual from SPM{f} maps, following the same image realignment and stereotaxic normalization used for the group analysis. When the 12 subjects were analyzed as individuals, the extreme variation in position of V5 was 27 mm on the left and 18 mm on the right (Table 3) . The analysis of the subgroups of six presented in Table 2 also demonstrates that such selections of subgroups, tested with an identical experimental para digm, can yield mean locations for V5 that differed from each other by as much as 13 mm.
A similar analysis of variability can be carried out for changes in rCBF. The maximum relative individual increase in rCBF for V5 in the present study was 11.5% and the minimum was 2.6% (Table 3) . The average of all the individual values was 7.1% on the left and 7.2% on the right. However, the increases obtained when the 12 subjects were incorporated into a single group prior to analysis were 4.7% on the left and right (Table 1 ). The analysis of subgroups of six (Table 2) shows that relative increases in blood flow reported for V5 could vary from 3-4% to 6.3% on the left and 35% to 58% on the right. The rCBF changes derived from the averaged data are smaller than those recorded in individuals because of the combination Each subject occupies a row: the iirsi row is the subject shown in Figure 5 . The images were derived from slice data such as that presented in Figure 5 , but are now displayed as surface-rendered objects viewed at rotations of 90° and 50° from the occipital pole, to allow the patterns of sulci and gyri to be seen. In each subject the PET SPMfr', image was edited to leave only V5. The statistical threshold was lowered so that the PET image was contiguous with the cortical surface of the MRI after the PET and MR images were coregistered and superimposed, so that the process of surface rendering (to a depth of some eight pixelsl does not falsely locate the site of V5 in terms of surface features. The PET activation sites were rendered as red areas on the final images.
of spatial filtering (which reduces the peaks of rCBF change) and the variation in the location of V5 across individuals such that the anatomical transformation into Talairach coordinates fails to superimpose the foci from different individuals onto one another. With a set filter size, as more subjects are added to a group, the average increase recorded in rCBF will tend to decline (Raichle et al.. 1991) , at least down to a cer tain point.
Group versus Individual Studies
We consider here the relative merits of studying groups and single individuals. Each type of study provides important information but has problems attached to it. The necessity for using groups in PET experiments arose from the simple problem that, at the permitted doses of administered radiation, the signal-to-noise ratio was generally too low to inspire confidence in results obtained from single subjects. Because they increase the signal-to-noise ratio, grouped data are more reliable. They extract the most significant and commonplace activation sites even if they sacrifice the individual patterns of activation; some of the latter, although divergent from the mean, may never theless contain important lessons. In addition, grouped results in reference to standard stereotaxic coordinates allow an easier comparison of results obtained with different paradigms, in different laboratories, and with different groups of subjects. The method has its drawbacks, however, especially in relating the site of activation to the anatomy of the cerebral cortex. In addition, the method is awkward to use when single patients, manifesting a rare condition, are the subject of study. These drawbacks can be compensated for by the use of more advanced techniques, such as we have used, which allow the repeated scanning of single subjects at the same dose of radiation and give results with greater statistical confidence. Because single subjects are used, the PET images can be coregistered with MR images. The site of activation can thus be directly related to the anatomy of the cerebral cortex. Nevertheless, the study of single subjects inspires greater confidence when the results obtained from it are, so to speak, validated by group results that show that a similar area is active when the same task is used in a group of subjects. For example, in this study we used the position of V5 as defined in the analysis of the group of 12 subjects as the basis on which to search for V5 in each individual. We thus tend to use both approaches simultaneously, preferring the former for the screening of the cerebral areas involved in the execution of a task and the latter for a more detailed study of the area in relation to the anatomy of the brain.
PET studies often use small groups of about six to eight subjects. This small size, along with the individual biological variation, the characteristics of low-pass filtering and the statistical methods, will all combine to make the reporting of results in terms of standard stereotaxic coordinates uncertain. The subgroup analysis performed in this study showed that intersubject variability alone can allow a reported activation site to vary by close to the width of a gyrus. Put more simply, even standardized coordinates are uncertain Even if they were certain, relocating them onto the single brain used in the Talairach and Tournoux system will only be valid as far as that brain, measured in the postmortem and fixed state, reflects the actual anatomy of the individuals that made up the PET study group.
V5 Areas in Individuals, Coregistered with MSI Scans
Having identified the location of area V5 on the SPM{/} maps for each individual subject after stereotaxic normalization, we used the same statistical approach to find the same areas for each subject, but this time without anatomically transforming the PET images. In other words, the locations were now expressed in the unique reference framework of each subject's own brain, and not in terms of a standard reference framework. It was then possible to coregister the individual PET results with the corresponding MR images, which in turn allowed us to locate areas such as V5 with respect to the more detailed anatomy of the brain in terms of sulci and gyri. In gyrencephalic brains, a focus of activation might fall on the surface of the cerebral cortex, or it might be buried deep within a sulcus and thus not be visible on the surface. Because of this, one needs both two-and three-dimensional reconstructions for the process of anatomical localization (Figs. 5, 6 ). Two-dimensional reconstructions are vital for identifying structures lying within sulci (as V5 may be), while three-dimensional reconstructions are instrumental in identifying the detailed surface configuration of the brain in terms of sulci and gyri, and the relationship of an activated area to them. Hence, an added advantage of using MR images with voxel dimensions less than 1.5 mm was the ability to make such three-dimensional reconstructions. The latter helped us to identify the pattern of sulci and gyri in the occipital lobes of all our subjects (24 hemispheres) and thus make a statement about the relationship of area V5 to the sulcal and gyral pattern of the occipital lobe of the human brain.
The Pattern of Gyri and Sulci in the Occipital Lobe of the Human Brain
Topographical-functional relationships in the human cerebral cortex have been known to exist for many years. Chief among these is the relationship of the primary visual cortex to the calcarine sulcus of the occipital lobe (Henschen, 1893; Flechsig, 1905) . It therefore seemed plausible that such relationships might be found elsewhere in the occipital lobe. There is, however, a great deal of variability in the pattern of fissuration of the occipital cortex. Perhaps for this very reason, the literature contains a scanty and unsatisfactory description of the gyral anatomy of the lateral occipital lobe. There are nevertheless some sulcal patterns that seem to bear a more or less consistent relationship to the position of human V5. We therefore provide a brief description of the occipital lobe with the hope of specifying the position of human V5 with as little ambiguity as possible.
Most descriptions of the lateral occipital lobe divide it into gyri. Some consider that there are three gyri-the upper, middle, and lower occipital gyri (Talairach and Tournoux, 1988) ; others divide it into just two, the lateral and superior gyri, while admitting that the lateral gyrus may have further subdivisions (Cunningham, 1902; Toldt, 1908) . These descriptions rely on a horizontally oriented sulcus, the lateral occipital, of which there are sometimes two lying parallel with each other (Ono et al., 1990) . By contrast, the International Anatomical Nomenclature Committee (1989) recognizes only two sulci, the transverse occipital and the variable lunate, both of which are angled dorsoventrally and hence do not subdivide the occipital lobe into gyri stacked upon one another. We found that the most useful landmark for identifying the position of area V5 is the posterior continuation of the inferior temporal sulcus. This is present in the great majority of hemispheres, though it adopts a variety of forms. Normally it runs dorsoventrally at the border between the temporal and occipital lobes; it is so identified by Cunningham (1902) , who refers to it as the ascending limb of the inferior temporal sulcus, and by Toldt (1908) , who calls it the anterior occipital sulcus. As the latter term has also been applied to other nearby sulci (Ono et al., 1990) , we prefer the former term, which we abbreviate to ALITS. V5 lies at the junction of ALITS with the lateral occipital sulcus. Where the two do not actually intersect, as commonly happens, V5 is to be found near their interpolated meeting point (e.g., Fig. 6 , first row, right). The site of activation may fall within the sulcus, at least in part (Fig. 5) . In fact, the inferior temporal is a highly interrupted sulcus that is not always easily identified. In some hemispheres its posterior continuation is better identified as a separate, transversely oriented sulcus, often extending over the inferolateral margin of the occipital lobe (see Fig 7) . Again, V5 is situated posterior to this sulcus, near its dorsal termination (e.g., Fig. 6 , first and third rows, left; Fig.  8) .
One or the other of these patterns sufficed to describe the location of V5 in 16 of our 24 hemispheres. In the remainder, the patterns were suggestive but less clear cut. On the basis of its dense myelination, Clarke and Miklossy (1990) located an area that they considered to be area V5 in a similar region. In the Hgan 7. Line diagrams of the left hemispheres of three sub|ects to show variation ai the surface anatomy of the occipital lobs. The iflper row corsairs lateral views, while the lower nm has views with a 30° rotation, i, ascending limb of nlenor temporal sulcus. also known at anterior ocdphai oinn; b, toterai occipital tubu; c. tip of cafcarine suteus.
sketch of the brain they provide, the inferior temporal sulcus runs more or less continuously into the lateral occipital, and lacks an obvious ascending limb. Despite this somewhat different sulcal anatomy, the lo- cation they illustrate is quite consistent with the location of area V5 derived from our studies.
Not the least interesting feature of a location for V5 just posterior to ALITS is that it coincides almost exactly with Flechsig's Feld 16 in what he calls the gyrussubangularis (Flechsig, 1920 ) (see Fig. 8 ). This Feld 16, which is classed among the Pramature Rindenfelder, thus belongs to cortex which is myelinated at birth, though Flechsig states that it is not as heavily myelinated at birth as the other areas comprising this group, among which he numbers the calcarine cortex (area VI). According to Flechsig, the myelination spreads postnatally to include Feld 27, lying just anterior. If area V5 is well demarcated at birth, by virtue of its early myelogenesis, it is not inconceivable that herein lies the link between function and gyral morphology-the arrival of afferents to this zone perhaps promoting an infolding of the cortical sheet. We note in the same context that Bailey and von Bonin (1951, their Fig. 7) show the "anterior occipital sulcus" already beginning to form in the 30 week embryo.
Other Areas
We suggest provisionally that the areas of activation found bilaterally in the cuneus and the lingual gyri are part of one functional area that corresponds to area V3 in the monkey. On topographical grounds, it is reasonable to expect V3 to lie juxtaposed with the VI/V2 complex, both from the anatomical findings in macaque and from the recent arguments based on lesion studies in man (Horton and Hoyt, 1991) . Furthermore, in all subjects scanned high enough, there was a ribbon-like area of activation in parietal cortex, extending forward from the parieto-occipital fissure. This is Brodmann's area 7, a region that in the monkey at least is known to receive input from V5, and other prestriate areas (Maunsell and Van Essen, 1983; Ungerleider and Desimone, 1986; Cavada and GoldmanRakic, 1989; Andersen et al., 1990; Zeki, 1990) . It is of interest that a previous study, intended to chart the retinotopic organization of striate cortex, also revealed a somewhat similar distribution of activated regions in prestriate cortex-although V5 was not specifically identified (Foxetal., 1987) . In fact, that study employed an alternating checkerboard stimulus. The latter lacks coherent motion but is otherwise similar to ours in its spatiotemporal properties.
In summary, we show that methodological improvements in PET scanning, and the coregistration of PET and MR images, allow the organization of visual pathways to be studied in single subjects. This approach complements studies in groups of subjects that are essential to an identification of the common cortical areas related to particular functions, especially when the blood flow changes elicited are small. Studies in individuals will be invaluable and of crucial importance in those informative but rare patients with selective loss of cortical function.
